The resistive switching (RS) properties of strontium titanate (Sr 1þx Ti 1þy O 3þ(xþ2y) , STO) based metal-oxide-metal structures prepared from industrial compatible processes have been investigated focusing on the effects of composition, microstructure, and device size. Metastable perovskite STO films were prepared on Pt-coated Si substrates utilizing plasma-assisted atomic layer deposition (ALD) from cyclopentadienyl-based metal precursors and oxygen plasma at 350 C, and a subsequent annealing at 600 C in nitrogen. Films of 15 nm and 12 nm thickness with three different compositions [Sr]/([Sr] þ [Ti]) of 0.57 (Sr-rich STO), 0.50 (stoichiometric STO), and 0.46 (Ti-rich STO) were integrated into Pt/STO/TiN crossbar structures with sizes ranging from 100 lm 2 to 0.01 lm 2 . Nano-structural characterizations revealed a clear effect of the composition of the asdeposited STO films on their crystallization behavior and thus on the final microstructures. Local current maps obtained by local-conductivity atomic force microscopy were in good agreement with local changes of the films' microstructures. Correspondingly, also the initial leakage currents of the Pt/STO/TiN devices were affected by the STO compositions and by the films' microstructures. An electroforming process set the Pt/STO/TiN devices into the ON-state, while the forming voltage decreased with increasing initial leakage current. After a RESET process under opposite voltage has been performed, the Pt/STO/TiN devices showed a stable bipolar RS behavior with non-linear current-voltage characteristics for the high (HRS) and the low (LRS) resistance states. The obtained switching polarity and nearly area independent LRS values agree with a filamentary character of the RS behavior according to the valence change mechanism. The devices of 0.01 lm 2 size with a 12 nm polycrystalline stoichiometric STO film were switched at a current compliance of 50 lA with voltages of about 61.0 V between resistance states of about 40 kX (LRS) and 1 MX (HRS). After identification of the influences of the films' microstructures, i.e., grain boundaries and small cracks, the remaining RS properties could be ascribed to the effect of the [Sr]/([Sr] þ [Ti]) composition of the ALD STO thin films. V C 2014 AIP Publishing LLC.
Impact of composition and crystallization behavior of atomic layer deposited strontium titanate films on the resistive switching of Pt/STO/TiN devices I. INTRODUCTION The increasing importance of advanced information technology drives the searching for an energy-efficient, nonvolatile memory device with high integration density, fast access time, high endurance, and sufficient data retention. Among alternative concepts which are discussed for future replacement of today's dynamic random access memory (DRAM) and flash memory, the redox-based memristive device (ReRAM) is one of the most promising concepts. 1 ReRAM basically consists of an insulator (e.g., a metal oxide) sandwiched between two metal electrodes (M, M 0 ) (metal electrodes), and the information is stored in form of at least two or even multilevel resistance states. 2 The reversible switching between the different resistance states is induced by a certain voltage signal V SET which sets the device to the low resistance state (LRS or ON-state) and V RESET which resets the device to the high resistance state (HRS or OFFstate). For ReRAM applications, a resistance ratio R OFF / R ON > 10 is required, while absolute values in the MX range guarantee low power operation. Among the class of resistive switching (RS) materials, transition metal oxides are attracting increasing interest. 3, 4 For a wide range of metal oxides, the valence change memory effect (VCM) occurs, characterized by a migration of oxygen anions (or corresponding oxygen vacancies), typically over a length of a few nanometers. The local change of the metal to oxygen stoichiometry results in a nanoionic redox reaction and a valence change of the cation sublattice leading to a change in the electronic conductivity. The VCM effect is a bipolar-type RS, where the polarity of the applied voltage determines the direction of the redox reaction, i.e., reduction (SET) or oxidation (RESET). 5 Basically, VCM cells consist of an active electrode, at which the RS takes place, a mixed ionic-electronic conducting (MIEC) layer, and an ohmic reference electrode from a material of higher a) N. Aslam oxygen affinity as compared with the active electrode. The active (switching) interface will form between the MIEC layer and the active electrode with the low oxygen affinity and high work function. In most M/O/M 0 stacks with a single oxide layer (O), an electroforming (EF) process at higher voltages V form is required before stable bipolar RS can be obtained. In today's understanding of the VCM-type RS phenomena, the electroforming process locally removes oxygen ions from the insulating oxide lattice, providing semiconducting filamentary type paths which allow the high current flow. 5 High forming voltages are undesirable because they are not applicable to integrated devices 6 and because of the large material reconstruction which is induced by the high power applied to the device. 7 The RS behavior of a device under study depends strongly on the performed EF procedure which needs therefore to be discussed along with the RS characteristics themselves.
Towards the industrial application of ReRAM devices, vertical cross point architectures (VCPA) are intensively discussed for reaching the extreme high integration density required for future memory devices. Therefore, atomic layer deposition (ALD) will be the preferred deposition technique for the preparation of thin films on such three-dimensional structures. The utilization of ALD processes for ReRAM fabrication so far is basically limited to a few binary oxides, like HfO 2 , 8, 9 Al 2 O 3 , 10 and TiO 2 11,12 grown in amorphous or nano-crystalline form. While only a few studies deal with binary oxide single crystalline material, for example, in Refs. 13 and 14. In this work, the use of ALD for ReRAM is extended to Sr 1þx Ti 1þy O 3þ(xþ2y) (STO), a ternary oxide, where the composition of the films can be tuned by the ALD processing parameters. Main focus was on the effect of the cation ratio [Sr]/([Sr] þ [Ti]) on the RS performance, because of two reasons. First, the STO composition has a significant effect on the leakage current properties of M/STO/M 0 capacitors. 15 Second, stoichiometry effects in the RS phenomena of epitaxial STO structures grown by pulsed laser deposition (PLD) at temperatures of typically 700 C to 800 C have been intensively studied. 16 These might serve as a good comparison and therefore give insights on the RS of ALD STO films. 17 The bipolar RS in epitaxial SrTiO 3 thin film devices is basically attributed to an electric field and temperatureenhanced drift of oxygen vacancies along filaments which induces a metal-to-insulator transition in the SrTiO 3 material. 5, 18, 19 The confined nature of the conductive filaments in single-crystalline SrTiO 3 has been shown by Szot et al. 20 using local-conductivity atomic force microscopy (LC-AFM) with nanometer resolution. In addition to the filamentary-type RS, an area-dependent type of RS has been reported for epitaxial SrTiO 3 films by Muenstermann et al. 21 The corresponding I-V switching curves reveal two main differences regarding the switching polarity and the electrode area scaling behavior. It should be noted that the RS polarity is defined for a "standard" M/O/M 0 configuration, when the voltage of the active electrode is displayed in the I-V curve. 5 With this definition, the "filamentary" type of RS is characterized by a "counter-eightwise" I-V characteristic, and it shows no significant contact area dependence while the "homogeneous" RS effect exhibits an "eightwise" switching polarity and a clear pad size dependence of the conducting LRS state. According to Muenstermann et al., 21 both types of RS, filamentary and area switching, can coexist in the same epitaxial SrTiO 3 thin film, depending on the local defect density in the active switching regime. For PLD STO films, effects on the RS behavior by growth induced structural defects 22 and by variations in the cation stoichiometry 23 were reported. The studies on epitaxial STO thin films already showed that the control of the density and the distribution of defects are of utmost importance for the fabrication of reproducible and scalable resistive switching devices. An obstacle for the use of epitaxial STO layers is that they are grown by high temperature PLD processes on single crystalline oxide substrates. Both requirements are not compatible with high-density large-scale integration of up-to-date memory technologies.
In contrast, industrially relevant RS devices need to be integrated onto complementary metal oxide semiconductor (CMOS) chips in analogy to today's production of high-k layers in DRAMs 24, 25 and in analog circuit applications. [26] [27] [28] The microstructure of integrated STO thin films is therefore expected to be amorphous, nano-crystalline, or even a mixture of the two. For the conformal growth on three dimensional (3D) structured devices with high integration density, chemical vapor deposition techniques 29, 30 and, in particular, ALD techniques, 15, 31, 32 were utilized. Although the requirements on the aspect ratio of 3D structures for ReRAM applications are still moderate, the future of high-density ReRAM will also be defined by more challenging 3D topologies. 33 In this study, we attempt to link fundamental knowledge about resistive switching mechanisms in single crystalline material with the same material grown in high quality by means of the ALD technique in order to identify key factors in the transfer from the "ideal" system design to the design of "real" structures. According to the previous works, thin film STO is a predestined material for this study. Therefore, a comprehensive analysis of the RS performance of capacitors built from ALD STO thin films was performed with a focus on the effects of films cation composition, microstructure, and morphology. While the [Sr]/([Sr] þ [Ti]) ratio in the as-deposited amorphous films could be well controlled by means of the ALD pulsing sequence, the microstructure and morphology of the polycrystalline STO thin films were found to depend in a complex manner on various external parameters, like the substrate material, the cation stoichiometry, the film thickness, and the annealing conditions. 15 with a layer stack of Si/SiO 2 (430 nm)/Ti (5 nm)/Pt (30 nm) were used as substrates with the Pt bottom electrode (BE) in planar or bar-structured configuration. Cyclopentadienyl-based precursors from AirLiquide, namely, Ti-Star, (pentamethylcyclopenta-dienyl) tri-methoxy-titanium, CpMe 5 Ti(OMe) 3 , and Hyper-Sr, bis(tri-isopropylcyclopentadienyl)-strontium with a 1,2-dimethoxy-ethane adduct, Sr( i Pr 3 Cp) 2 DME, were used in sequence with oxygen plasma as the co-reactant. The [Sr]/ ([Sr] þ [Ti]) ratios of the films were adjusted by tuning the [SrO]/[TiO 2 ] ALD cycle ratio, while the film thicknesses were controlled by the numbers of executed ALD cycles. Details on the growth process can be found in a recent publication. 35 For the determination of the thickness and the optical properties of the films grown on planar Si/Pt substrates, ex-situ spectroscopic ellipsometry (SE) measurements were performed on a J.A. Woollam/M2000D system (1.25-6.5 eV). The [Sr]/ ([Sr] þ [Ti]) content of the as-deposited STO films was estimated from the optical properties of the thin films determined by SE employing a library calibrated by Rutherford backscattering measurements. 35 Additionally, the composition was determined from X-ray photoelectron spectroscopy (XPS) data taken with a Thermo Scientific K-Alpha spectrometer using monochromatic Al K a X-ray radiation (h ¼ 1486.6 eV). Charge correction was performed by setting the C1s signal at a binding energy of 284.8 eV. 36 A post-deposition rapid thermal annealing (RTA) of the films at 600 C in nitrogen atmosphere was performed for crystallization of the layers into the perovskite structure. The chemical and structural properties of the annealed films grown on planar Pt substrates were analyzed by means of XPS and by grazing-incidence X-ray diffractometry (GI-XRD) using a Panalytical X'Pert PRO MRD with Cu K a radiation. In addition, the morphology of the annealed films was studied by scanning electron microscopy (SEM) using a Hitachi SU 8000 system. LC-AFM analyses were done with a Pt/Ir coated tip on a JEOL JSPM-5200 scanning probe microscope to record topography and current maps under ultra-high vacuum (UHV) conditions at 200 C. For the resistive switching characterization, similar STO thin films were integrated into Pt/STO/TiN crossbar devices on Si/SiO 2 substrates. Schematics of the stack sequence and of the lateral structure together with two representative electron micrographs are shown in Figures 1(a)-1(d). The fabrication of the BE on (25 Â 25 mm 2 ) silicon substrates with about 430 nm thermal oxide started by sputtering of 5 nm Ti and 30 nm Pt. A conventional photolithography process using a Mask Aligner MA6, Karl Suess was combined with reactive ion beam etching (RIBE) with argon plasma in an Oxford Ionfab 300 Plus system to pattern the micro-sized BE. For the nano-sized Pt BE, a structuring process was performed by UV nanoimprint lithography (NIL) using a Nanonex NX 2000 nanoimprinter and RIBE. In analogy to the planar structures, the STO thin films were grown by plasma-assisted ALD and subsequently annealed at 600 C in flowing nitrogen for 10 min (15 nm) and 5 min (12 nm). The top electrodes (TE) of the micro-crossbar cells were prepared in a "bottom-up" approach as follows. First, the electrode structures were defined by photolithography. Then, a 30 nm thick TiN film was deposited by sputtering, and the TE was structured by a lift-off process. Last, the platinum BE of each device was opened for making an external electrical contact, again by means of photolithography and RIBE. A top-view SEM micrograph of the micro-crossbar structure is shown in Fig. 1(c) . The TEs of the nano-crossbar cells were prepared in a "top-down" approach. First, 30 nm thick TiN was deposited by sputtering, second, the TE structures were defined by means of e-beam lithography using a Vistec EBPG 5000 plus system. Next, the TiN layer and the STO films underneath were patterned by means of RIBE with CF 4 plasma. A schematic and a scanning electron micrograph are given in Figs. 1(b) and 1(d). For both types of cross bar structures, the final stack sequence in the cross junction area consisted of the BE (5 nm Ti/30 nm Pt), the functional STO film of (15 or 12 nm), and the TE (30 nm TiN) as depicted in Fig. 1(a) . The lateral dimensions of the active device areas ranged from (10 Â 10) lm 2 to (1 Â 1) lm 2 , and (100 Â 100) 
III. RESULTS AND DISCUSSION

A. Physical and chemical properties of STO films
The chemical composition and the thickness of asdeposited STO films on planar Si/Pt structures were characterized by means of SE and XPS. Further details on the characterization methods applied to comparable STO films grown on different substrates have been reported in Refs. 34, 35, and 37 . Table I comprises the properties of the STO films which were used in this study. It should be mentioned that the planar Pt layers were deposited in exactly the same manner as the Pt bottom electrodes of the crossbar structures in order to assure identical ALD growth behavior of the STO films. Films of three different compositions were obtained, Ti-rich STO, stoichiometric STO, and Sr-rich STO with [Sr]/ ([Sr] þ [Ti]) ratios of 0.46, 0.50, and 0.57, respectively.
The as-deposited amorphous films underwent a RTA step at 600 C to achieve crystallization where the film thickness decreased to about 85-90% of the initial value. Although variations of the cation composition in the asdeposited amorphous films can be easily adjusted in ALD, induced effects on the film crystallization behavior might result in different microstructures for films of various compositions after crystallization. In addition, the incorporation of excess strontium or titanium oxide into the SrTiO 3 thin films is an issue.
High quality SrTiO 3 single crystals exhibit a rather low solubility limit for either excess SrO or excess TiO 2 . Witek et al. 38 found for STO ceramics that a Ti excess of only 0.5 at% is sufficient to start the segregation of TiO 2 . Depending on the oxygen content, not only TiO 2 but also various titanium suboxides might form. 39 In consequence, intergrowth of SrO layers or TiO 2 layers and the perovskite-type SrTiO 3 might occur. The intergrowth leads to the formation of either Ruddlesden-Popper (RP) phases for the Sr-rich STO material (Sr nþ1 Ti n O 3nþ1 ) 40, 41 or Magn eli type-phases for the Ti-rich STO films (Ti n O 2nÀ1 )*(SrTiO 3 ). 42, 43 Depending on the growth or annealing temperature, the mean free path of cations is limited, and therefore in the STO thin films, the ordered-fashion-type intergrowth might only happen on a local scale, leading to micro-regions of slightly different compositions. 41 The incorporation of cations in excess of the stoichiometric SrTiO 3 composition has been investigated for different ALD STO thin films used as high-k material. 15 Clima et al. 44 and Popovici et al. 32 studied the crystallization behavior of Sr-rich STO films grown by thermal ALD from Sr( t Bu 3 Cp) 2 and Ti(OMe) 4 . After RTA at 600 C, the films showed perovskite-type reflections in XRD, while the peaks of the Sr-rich film are slightly shifted towards lower angle as compared with the stoichiometric film. This "low temperature metastable crystalline" state was transferred into a RP-type crystalline structure, SrO(SrTiO 3 ) n , after annealing at about 1000 C. 44 A similar result was reported by Shibuya et al. 45 showing that PLD grown Sr 2 TiO 4 films exhibit a distribution of extended defects or a regular RPphase structure depending on the growth temperature. In the resistive switching behavior of oxide devices, local imperfections and inhomogeneities in the thin film structure and morphology can play an important role. Therefore, the microstructural properties of the 600 C annealed ALD STO thin films were carefully analyzed. Figure 2 (a) shows the GI-XRD scans of 12 nm thick STO films of the three compositions annealed at 600 C for 5 min. The spectra clearly reveal that despite the nonstoichiometry, all STO films appeared to crystallize into the metastable perovskite phase. The results are comparable with the previous reports on the micro-structural evolution of annealed ALD STO films. 15, 27, 32, 35 For the metastable crystalline Sr-rich STO films, it is suggested that the excess SrO could be distributed randomly and in a disordered manner in the SrTiO 3 matrix. This picture might also apply to the metastable crystalline STO thin films of different stoichiometries investigated in this study. Detailed photoelectron spectra of the Ti 2p, Sr 3d, and O 1s signals taken for the 12 nm thick STO films after annealing at 600 C are shown in Figures 2(b)-2(d), respectively. The binding energies of Ti 2p 3/2 of $458.5 eV and of Sr 3d 5/2 of $133.3 eV found for all the three samples with different compositions are in good agreement to bulk reference data. 46 For a comparative analysis of the chemical states of the constitutive cations in the stoichiometric, Tirich and Sr-rich STO films, the photoelectron spectra for the Ti 2p and Sr 3d signals were normalized to the maximum intensity of the Ti 2p 3 The microstructure and the morphology of the plasmaassisted ALD STO thin films after annealing at 600 C were analyzed with respect to the different compositions and film thicknesses. The thin film crystallization is controlled by the kinetics of nucleation and grain growth. On similar thin films deposited on Si 3 N 4 grids, Longo et al. 34 showed by means of transmission electron microscopy (TEM) that the crystallization of the films yielded transrotational perovskite-type crystals. In addition, the important effect of the STO composition and the annealing temperature on the final grain size, the crack, and the void formation has been demonstrated. In particular, the regular small-grain morphology of the crystalline Sr-rich STO films was imputed to a high nucleation probability at the onset of crystallization process.
The microstructural characterizations were performed on STO thin films of Sr-rich (0.57), stoichiometric (0.50) and Ti-rich (0.46) composition deposited on planar Si/Pt substrates after annealing at 600 C in nitrogen for about 5 min (12 nm) and 10 min (15 nm). Figure 3 more uniform morphology compared with the stoichiometric films (see Figs. 3(b) and 3(e)), where grid-patterns indicate small cracks formed at the grain boundaries upon crystallization and consequent densification (see also Ref. 34) . The cracks seem less pronounced for the Sr-rich films. This is consistent with the previous TEM study 34 which revealed an increased nucleation density leading to a higher density of smaller grains for the Sr-rich films as compared with the stoichiometric STO films. The Ti-rich STO films showed altogether a different surface morphology. Regimes of different contrast with a lateral extension of about 100 nm-500 nm are revealed in the SEM micrographs (Figs. 3(c) and 3(f)).
Referring to previous crystallization studies, 34 the morphological differences were explained by a locally incomplete crystallization process. In particular, additional AFM analyses (see Fig. 4 (c)) revealed the brighter contrast regions being about 10% thinner compared with the surrounding darker regions. The reduced thickness is related to a densification process due to the crystallization. The different shapes of the crystallites between the films of 12 nm and 15 nm in thickness might relate to a thickness effect on the crystallization or to slight differences in composition. It has been shown that Ti-rich STO thin films require an increased thermal budget to achieve crystallization compared with stoichiometric and Sr-rich films. 34 Hence, slight differences in composition can lead to pronounced changes in the crystallization behavior of the Ti-rich films.
C. Local conductivity probed by LC-AFM
Morphological atomic force microscopy (AFM) and LC-AFM studies were performed in order to analyze local conducting paths along grains and grain boundaries. For this, the film's surface topography was recorded in parallel to a laterally resolved current mapping for the 12 nm thick STO films annealed for 5 min at 600 C. The measurements were performed under UHV conditions at 200 C while a constant voltage was applied to the sample via a conducting Pt/Ircoated AFM tip. The AFM results shown in Figs. 4(a)-4(c) reveal distinct topographical differences between the three samples, with the surface of the Sr-rich (a) and the stoichiometric STO (b) film being rather flat and consisting of grains separated by grain boundaries. The corresponding current maps ( Figs. 4(d) -4(f)) show an inhomogeneous distribution of differently conducting regimes. Although the averaged conductivity of the Sr-rich sample ( Fig. 4(d) ) was significantly lower than that of the stoichiometric STO ( Fig. 4(e) ), both films reveal conducting paths along grain boundaries. Small cracks in the stoichiometric STO film which appear in the topography map ( Fig. 4(b) ) as darker lines show up as slightly brighter lines in the LC-AFM map ( Fig. 4(e) ). The degree by which the nano-or microcracks contribute to the total leakage current of a device might depend on the dimensions of the cracks for each individual case. Comparable results on local leakage non-uniformity in ALD STO thin films have been reported by Menou et al. 15 who also attributed the higher leakage paths to micro-cracks in their films. The topography map of the partly crystallized Ti-rich STO film Fig. 4(c) looks completely different as for the other STO compositions. The corresponding current map in Fig. 4(f) shows that the thinner areas of the material exhibit increased conductivity indicating that semiconducting phases are formed locally in the Ti-rich STO films. One might notice the remarkable accordance between the AFM, LC-AFM, and SEM images with respect to the areas of reduced film thickness in Fig. 4 (c) and these with enhanced conductivity in Fig. 4(f) . Therefore, these regimes might be described by being large crystal plates of Ti-rich STO phase embedded in an insulating matrix of amorphous material. The assumption of partial crystallization is in qualitative agreement with the results of a recently performed TEM study, 34 while slight variations in the film growth might arise from the different substrates.
The LC-AFM results clearly reveal locally inhomogeneous current spots which relate to the thin film's microstructure being influenced by the film's composition as the result of a stoichiometry-affected nucleation and crystallization behavior. Thus, in order to interpret the electrical properties of the RS devices properly, both, the influence of the [Sr]/ ([Sr] þ [Ti]) composition as well as the microstructure of the ALD STO thin films after annealing have to be considered. It should be mentioned that the above described microstructural phenomena particular appear on a length scale of a few hundred nanometers. Therefore, the electrical properties of the micro-crossbar structures present average thin film properties, whereas for the nano-crossbar devices with the pad size approaching the grain size, one would expect a slight statistical change in the electrical data. In the 100 nm regime, the pad might either cover a single grain or two grains with a grain boundary in between or, alternatively for the Ti-rich STO films, the pad could either sit on the amorphous, less conducting matrix, or on a semiconducting grain. In addition, the presence of a current inhomogeneity on the smaller scale could be observed by LC-AFM at higher resolution. The grains of the Sr-rich and stoichiometric STO (see Figs. 4(d) and 4(e)) revealed additional local conductivity spots with a diameter of 10 nm to 30 nm inside the grains. This observation agrees with the evidence of voids with diameter of a few nanometers within single STO grains found by TEM in our previous study. 34 Since the stoichiometry range of SrTiO 3 is very small, a phase separation in non-stoichiometric parts could also evolve. Hence, one possible explanation of the locally different conductivities observed by LC-AFM could be that in the investigated Ti-rich STO thin films, TiO xphases 47 were present influencing the local conductivity.
In the histogram in Fig. 4(g) , the distribution of the local conductivity as measured by the LC-AFM scans in Figs. 4(d)-4(f) over an area of 3 Â 3 lm 2 is shown. The number of pixels is plotted logarithmically versus the local conductivity calculated from the measured current and the applied voltage, r loc ¼ I loc /V tip . This allows a semi-quantitative discussion of the mean thin film resistance values <R ٗ >. It can be seen that the average conductivity of the Sr-rich STO film was the lowest (<R ٗ > ¼ 47 GX) although a relatively high voltage of 1.0 V was applied to the sample, whereas for the stoichiometric STO film, a higher average conductivity was determined (<R ٗ > ¼ 6.5 GX) at a lower applied voltage of 0.1 V. The Sr-rich and the stoichiometric STO thin film both exhibit comparable unimodal conductivity distributions indicating that the distribution of conducting grains is similar in both cases despite the overall difference in conductivity. The histogram of the Ti-rich STO film instead shows a bimodal distribution relating to the two regions with different local conductivities. While a large part of the scanned area revealed a low local conductivity resulting in the appearance of the maximum peak in the histogram, the highly conducting areas in Fig. 4(f) are reflected by the tail of the distribution at higher conductivities. The width of the local conductivity distribution in the histogram is the highest for the Ti-rich sample due to the inhomogeneous distribution of conducting grains, while the mean value of the thin film resistance <R ٗ > ¼ 4 GX is only slightly smaller than the value of the stoichiometric STO film.
D. Electrical properties of M/STO/M 0 devices in the initial state
The effect of the [Sr]/([Sr] þ [Ti]) composition on the dielectric properties of Pt/STO/Pt based devices obtained from 15 nm thick films annealed at 600 C has been investigated in a previous study. 50 Mean values of the capacitance density were about 50 fF/lm 2 , 25 fF/lm 2 , and 10 fF/lm 2 for the stoichiometric, the Sr-rich, and the Ti-rich composition, respectively. Considering the identical device geometry and the same film thickness, the differences were addressed to the different microstructures and different bulk properties of the STO layers. The high effective dielectric permittivity of e eff % 85 was attributed to a higher degree of crystallization in the stoichiometric STO film as compared with nanocrystalline Sr-rich STO (e eff % 42) and partly amorphous Ti-rich STO film (e eff % 17). Fig. 5(a) shows the I-V plots for micro-crossbar cells of about 1 lm 2 size made from the Sr-rich, stoichiometric, and Ti-rich STO films of about 15 nm thickness annealed at 600 C for 10 min. The slight asymmetry of the current values with respect to the voltage polarity is attributed to the difference in the work functions of the electrode metals, Pt and TiN, thus giving rise to different Schottky barrier heights of the respective metal/STO interfaces. Although welldefined data for ALD STO/metal interfaces are not available from the literature, the ALD HfO 2 /metal system might serve as a reference here. For these interfaces, effective metal work functions of 5.15 eV for Pt 48 and (4.56 6 0.35) eV for TiN 49 in contact to ALD HfO 2 have been determined revealing a barrier offset of roughly 0.5 eV. From the 50% values of the CDF functions ( Fig. 5(c) ), mean initial resistances of the micro-crossbar devices were determined being about 5 GX for Sr-rich STO, 4 MX for Ti-rich STO, and 25 kX for the stoichiometric STO. The surprisingly low resistance of the device from stoichiometric STO contradicts the findings reported by other groups. 15, 31 This might be attributed to the formation of micro-cracks in the 15 nm thick annealed films which allow an enhanced current flow. The insulating behavior of the Sr-rich devices is in line with the regular dense morphology of the fine-grained films and with the slightly increased band gap found for the Sr-rich STO. 50 2. Nano-crossbar devices Fig. 5(b) shows the I-V plots for the nano-crossbar devices of 0.01 lm 2 size built from STO films of different compositions which were annealed at 600 C for 5 min. For the small pad sizes, the current-resolution of the setup of about 1 pA was easily reached at low voltages. The leakage current data of the 12 nm polycrystalline STO films at higher voltages are in reasonable agreement with results reported for high-k STO thin films. 15, 31 Apparently, the leakage current for the stoichiometric STO films of 12 nm thickness was considerably reduced as compared with the 15 nm thick films (see Fig. 5(a) ). This behavior might be attributed to the different microstructures of the films. The SEM micrographs in Figs. 3(b) and 3(e) clearly show that micro-cracks are more pronounced in the 15 nm as compared with the 12 nm film. This might originate either from the variation of the film thickness or the slightly different annealing times, or both. This comparison further supports the assumption that the enhanced current flow in the devices containing stoichiometric STO films was mainly along nano-or micro-cracks rather than along grain boundaries. A statistical analysis of the mean leakage currents of the STO nano-crossbar devices is given in Figure 5(d) . The data for the Sr-rich and stoichiometric STO devices are based on a yield of >90%. Thus, mean resistance values of about few 10 GX for Sr-rich STO and few GX for the stoichiometric STO devices are determined as representative values. The Ti-rich STO nanocrossbar devices show a bigger spread in their initial resistance values ranging from about several GX to about 100 MX. The type of bimodal device distribution (see Fig. 5(d) ) is consistent with the local conductivity distribution determined by LC-AFM (see Fig. 4(g) ). Thus for the case of the partly crystallized 12 nm Ti-rich STO films, the nanocrossbar devices might cover different areas of crystalline and amorphous material which results in a larger spread of the initial resistances. For the RS study, we comprised the data of all devices which were formed into the ON state by a positive voltage signal and which were successfully reset to the OFF state by a negative voltage applied to the top electrode.
Micro-crossbar devices
E. Electroforming of the Pt/STO/TiN devices
The voltage controlled electroforming process 51 was performed for the Pt/STO/TiN devices by applying a positive voltage ramp to the TiN TE with the Pt BE being grounded. To protect the device from hard breakdown, a current compliance I cc for the electroforming procedure was set with values between 10 lA and 100 lA, depending on the leakage current behavior of the investigated cell. Representative electroforming curves for devices of different STO compositions and for two different pad sizes, explicitly 1 lm 2 and 0.01 lm 2 , are shown in Figures 6(a) and 6(b), respectively. The voltage at which the abrupt increase in current, the soft breakdown, occurred was identified as the electroforming voltage V EF . Thus, the initially insulating Pt/STO/TiN structure changed into a higher conducting state, which represents voltage-induced electroforming into the ON state. The application of a voltage ramp of opposite polarity resulted in a partial recovery of a high resistivity, thus the device was reset into the OFF state. For the micro-crossbar devices from STO films of different compositions (see Fig. 6(a) ), a clear trend of decreasing electroforming voltage with increasing leakage current is observed. This trend was not explicitly repeated in the electroforming behavior of the nano-crossbar devices ( Fig. 6(b) ), which nevertheless reproduce well the I-V curves of the pristine devices for voltages below þ2.0 V (see Fig. 5(b) ). This observation is attributed to differences in the conduction mechanisms at high fields for the devices built from STO thin films of different compositions and various microstructures.
In summary, all different Pt/STO/TiN devices were electroformed into the ON state when a voltage ramp of positive polarity was applied to the TiN TE. If the samples were afterwards polarized with a negative voltage of about À3.0 V, the high current through the devices was reduced significant, the devices were reset into a higher resistance state, the OFF state. Under subsequent cycling of the voltage signal, the devices showed a hysteretic I-V characteristic, i.e., switching between low (LRS ¼ ON) and high resistance (HRS ¼ OFF) state. For each STO thin film sample, statistical analysis for an average of 30 devices formed into the ON state was performed with respect to the electroforming and the RS behavior. Figures 6(c) and 6(d) show the cumulative probability plots of the electroforming voltages (V EF ) as a function of the STO composition for 1 lm 2 devices with 15 nm thick STO and 0.01 lm 2 cells with 12 nm thick STO, respectively. For the micro-crossbar cells (Fig. 6(c) ), a clear dependency of the films composition on the V EF value is found, with very little variation in V EF for different devices. The mean values were for Sr-rich STO V EF ¼ 7.0 6 1.0 V, for Ti-rich STO V EF ¼ 3.5 6 1.0 V, and for stoichiometric STO V EF ¼ 1.0 6 0.5 V. The electroforming voltages are higher for devices with lower initial leakage currents. Interestingly, for the nano-crossbar devices, a similar effect of the different STO compositions on the electroforming voltage was not observed. However, in comparison with the micro-crossbars, the device-to-device variations in electroforming voltage increased considerably as demonstrated by the non-steep CDF-characteristics in Fig. 6(d) . Mean values determined for the various compositions were for Sr-rich STO V EF ¼ 4.5 6 1.5 V and for stoichiometric and Ti-rich STO V EF ¼ 5.0 6 2.0 V. Considering the LC-AFM current maps (see Fig. 4 ), these larger variation of the V EF values for the nano-crossbar structures might be attributed to a device scenario, where the contact pad sizes approach the lateral dimensions of the local conductivity changes of the thin films. This "lateral parameter" can be either the grain size, the distance between small cracks for the Sr-rich and stoichiometric STO films or the distance between the grains for the Ti-rich STO films. From the apparent changes in the CDFcharacteristics of V EF (see Figs. 6(c) and 6(d)) which are observed upon changing the crossbar size from "micro" to "nano," we can determine a characteristic length of about a few 100 nm as the distance between local weak spots in the annealed STO thin films. This is in good agreement with the dimensions of the local changes observed in LC-AFM. In summary, the electroforming voltage of Pt/ STO/TiN devices is affected by the STO composition in two different ways. The change of the material's stoichiometry affects, intrinsically, the conduction mechanism in the STO film and, extrinsically, the thin film's microstructure and morphology.
F. Resistive switching of Pt/STO/TiN devices After the electroforming and reset procedures had been carried out, all studied devices exhibited bipolar-type RS behavior. Exemplary, Figures 7(a)-7(c) show the quasi-static I-V sweeps obtained for the Pt/STO/TiN nano-crossbar structures with STO films of different compositions. The nanocrossbar devices could be switched at a current compliance of I cc ¼ 50 lA with a resistance ratio of R off /R on > 10, which is required for ReRAM operation. 19 In addition, Fig. 7(d) shows the endurance plot for the Ti-rich STO nano-crossbar device obtained by repeating 1000 quasistatic switching cycles. At a read voltage of V read ¼ þ0.3 V the mean values are 15 kX for LRS and >3 MX for HRS. The micro-crossbar devices showed similar RS characteristics although the quasi-static I-V sweeps required a higher current compliance of I cc ¼ 100 lA due to the additional leakage component of the larger pads.
All the Pt/STO/TiN crossbar devices exhibited the same polarity of the bipolar switching characteristic. For the I-V curves shown in Figs. 7(a)-7(c), the current is plotted against the voltage signal applied to the TiN top electrode. For discussing the polarity in respect of a switching model, the I-V hysteresis needs to be referred to the voltage signal at the active switching interface, which for the crossbar cells is the Pt/STO interface. Exemplary, the inset in Fig. 7(c) shows the corresponding I-V Pt switching curve with the voltage V Pt applied to the Pt electrode given on the abscissa. Thus, all Pt/STO/TiN crossbar devices exhibit a typical "countereightwise" bipolar RS 21 which is characteristic for valence change memories. 5, 52 However, the quasi-static I-V sweeps in Figs. 7(a)-7(c) also display differences in the RS behavior of the STO films with different compositions. Remarkably, the Sr-rich STO devices require higher SET-voltages and show stronger variations of the SET-voltages and LRS-currents compared with the stoichiometric and Ti-rich STO nano-crossbar cells. In contrast, the Ti-rich STO devices show the lowest variation in SET-voltages and LRS-currents. These tendencies are also reflected in the switching stability of the devices. Fig.  7(d) shows a stable endurance characteristic for the Ti-rich STO device. The stoichiometric STO cells showed a slightly stronger variation in the LRS and HRS values, whereas the Sr-rich STO devices revealed an LRS degradation towards the OFF-state (not shown here). This feature could be tackled if a higher current compliance for the SET operation was adjusted. However, the objective of this study was to investigate the effect of the STO film composition for nearly identical devices measured under the same conditions.
The differences appearing in the RS behavior of the various STO samples might be explained by a variation in the "strength" of the conductive filament which is formed during the SET-process. This description is supported by differences in the LRS non-linearity (NL). The non-linearity factor NL is calculated from the RESET-characteristic according to NL ¼ jI(V RESET )j/jI(V RESET /2)j. 53 For the characteristics of the stoichiometric STO and Ti-rich STO devices, this definition yields NL-values between 4 and 7. In contrast, significantly higher values of NL ¼ (18 6 5) are calculated for the Sr-rich STO cells if operated under identical conditions (I cc ¼ 50 lA, V RESET,stop ¼ À2.5 V). In general, a higher NLvalue of the LRS state is considered as an indication for a weaker filament in the ON-state. The effect of a "weaker" ON-state filament formed in the Sr-rich STO thin films in comparison with the stoichiometric and Ti-rich compositions can be interpreted as a difference in the redox-chemical processes involved in the VCM-type RS behavior.
For a broader discussion, the RS characteristics of the various STO devices have been analyzed in a statistical manner for two device sizes, i.e., 1 lm 2 and 0.01 lm 2 , and three STO compositions, i.e., 6(c) ). Additionally, it is found that the stoichiometric STO devices with the highest leakage current in the initial state (see Fig. 5(a) ) show a nearly forming-free RS behavior, i.e.,
A relation between higher initial leakage and lower forming voltage has also been reported for HfO 2 -based RS devices. 9 From the correlation of morphological and LC-AFM studies, we suggest that the RS switching in the polycrystalline STO films might dominantly appear at weak points like, for example, the observed micro-cracks. This brings up the question whether the RS in the ALD STO based devices is a filamentary-type phenomenon or somehow relates to the density of micro-cracks in the thin films. This point will be further addressed at the end of the section.
For the nano-crossbar cells shown in Fig. 8(b) , in general, the SET-voltages jV SET j were higher than the corresponding jV Table I. lower total number of defects in the smaller devices compared with the larger ones. This scenario might also apply to the STO based RS devices in this study. Interestingly, the analysis of the influence of the [Sr]/([Sr] þ [Ti]) composition on the switching voltages revealed the same trends for the micro-and nano-crossbar cells, i.e., an increase in the mean switching voltage with increasing Sr-content in the STO thin films. This stoichiometry effect is especially pronounced for the nano-crossbar cells, which have been switched at a low current compliance of 50 lA.
Notable for the nano-crossbars is the variation in the distributions of SET-voltages. The Ti-rich STO nano-crossbar devices exhibit a rather narrow distribution of the SETvoltages with a variation of (60.15 V) and a nearly symmetric I-V characteristic. In contrast, the stoichiometric STO and the Sr-rich STO cells both show a much stronger variation of the SET-voltages in the range of (60.4 V) in combination with a significant asymmetry of the switching curves, which is stronger for the Sr-rich STO (jV SET j À jV RESET j ¼ 0.9 V) than for the stoichiometric STO sample (jV SET j À jV RESET j ¼ 0.4 V).
The differences in the RS characteristics of the STObased devices of various [Sr]/([Sr] þ [Ti]) compositions might be interpreted by a stoichiometry effect on the redoxreactions taking place during SET and RESET process leading to a closing and opening of the conductive filament, respectively. The RS behavior of the Sr-rich STO devices, in comparison with the other compositions, is characterized by a higher forming voltage, a higher SET-voltage, a larger variation in the SET-voltages and in the LRS behavior, and a higher LRS non-linearity. These observations can be consistently described under the assumption that the reduction process which leads to the SET of the conducting filament is impeded for the Sr-rich STO devices, while for stoichiometric and Ti-rich STO films, it is quite similar.
The observed effects in the RS behavior of nanocrystalline ALD grown STO thin films as a function of the [Sr]/[Sr] þ [Ti] composition are in reasonable agreement with the microscopic description of the films given in Sec. III A. For XPS data, the possibility of SrO intergrowth for the Sr-rich STO films has been suggested while any differences between the stoichiometric and the Ti-rich STO films were not obtained. For the constituents of SrTiO 3 , the standard free energies of formation of oxides DG 0 obtained from the Ellingham diagram 54 differ significantly, i.e., jDG 0 (SrO)j ) jDG 0 (TiO 2 )j at a given conditions. Therefore, the SrO intergrowth found for the Sr-rich STO films might impede local reduction reactions resulting in a lower concentration of oxygen vacancies and therefore in a weaker conductive filament. This gives rise to a higher resistance in LRS, a higher LRS-NL, and a stronger variation of the LRS resistance. In contrast, the small jDG 0 (TiO 2 )j value for TiO 2 might enable easy reduction of the stoichiometric and Ti-rich STO films resulting in a low SET-voltage and stable SEToperation and LRS characteristics. 
ON-and OFF-resistance states
Area-dependency
In order to assess the influence of the device size, the area dependency of the resistance values for the devices of different STO compositions has been analyzed. The graph in Figure 10 comprises mean values of the HRS (filled symbols) and the LRS (open symbols) for four different device sizes, i.e., 0.01 lm 2 , 1lm 2 , 25 lm 2 , and 100 lm 2 . The micro-crossbar devices (>1 lm 2 ) were fabricated from STO films of about 15 nm thickness, while for the nano-crossbar devices (0.01 lm 2 ), films of about 12 nm were integrated. The different STO compositions are again encoded by the colors. Despite the different film thicknesses and crossbarstructures, a quite consistent trend in the resistance values as a function of the device size is obtained for the devices of different STO compositions. The higher resistance values obtained for the nano-crossbar devices can be ascribed to modified measurement conditions, i.e., the lower current compliance defined for the SET processes of the nanocrossbar devices. The area-dependency of the micro-crossbar devices can be summarized as follows: The Sr-rich STO devices (black) show a very weak area dependency for the LRS and HRS values. A resistance ratio R Sr-STO OFF =R Sr-STO ON ' 10 independent of the device area was determined which is addressed to the high insulating properties of the annealed Table I ). ' 20 is obtained for the smaller devices ( 10 lm 2 ). For small cells ( 1 lm 2 ), the stoichiometric STO devices show a weak area dependence for the LRS and HRS values with a resistance ratio R stoi-STO OFF =R stoi-STO ON ' 25, while for device sizes >1 lm 2 , the HRS values show a strong area dependence with a proportionality factor of approximately one. This clearly demonstrates that here the effect of leakage current along the micro-cracks (see Fig. 3(b) ) dominates the total current for large pad sizes. For the >10 lm 2size stoichiometric STO devices, any RS effect is completely obscured by the high leakage current contribution from the non-switching area of the device. As a consequence, reliable information on the compositional effect of the ALD STO films on the RS properties can only be obtained from device structures with reasonably small sizes.
Sr
In LRS, all STO devices of the three compositions show a considerably weak area-dependency of their resistance values. This is interpreted in the way that the area-independent VCM-type filamentary mechanism dominates the RS characteristics of the Pt/STO/TiN devices after electroforming. The area-dependency of the HRS values demonstrates the important effect of the film's microstructure and morphology on the RS properties. Overlying the area-dependency, also an effect of the STO thin film composition is observed, predominantly for the LRS states. Considering devices of the same size, smaller than 10 lm 2 , the ON-state resistance values increase from stoichiometric to Ti-rich to Sr-rich STO films resulting in a ratio of the LRS values R SrÀSTO ON =R stoi-STO ON % 6. Although the HRS states of the smaller devices are not too much affected by an area dependent leakage current parallel to the filament current, the dependence of the HRS states on the composition of the STO films is less pronounced. Especially when the RS cell is in insulating state defects might have a considerable influence on the total (HRS) resistance. However, the highest resistance ratio R OFF /R ON of about 25 was obtained for stoichiometric STO and the lowest value of about 10 for the Sr-rich STO films.
In addition to the significant influence of the STO thin films microstructure on the RS characteristics of respective Pt/STO/TiN devices, also a composition effect was observed. While micro-structural effects (e.g., micro-cracks and grain sizes) dominate the resistance states for larger cell areas, the HRS states of the nano-crossbar cells might still be affected by varying defect densities in the films induced by differences in the films crystallization behavior. Table I ), resistance values of LRS/HRS are given in open/filled symbols. The symbols stand for the different structures, circles for micro-crossbars (I cc ¼ 100 lA), and triangles for nanocrossbars (I cc ¼ 50 lA). The slope of (À1) is plotted for easier identification of area-scaling. stoichiometry in the ALD grown STO films, especially Srexcess, increases the devices R ON values, i.e., result in LRS of lower conductance.
